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Abstract - Relaxed Si,,Gex layers with 
germanium contents of 0.04, 0.13, 0.24 and 0.36 have 
been grown by MBE and implanted under tightly 
controlled conditions with 2 MeV Si' ions over the dose 
range 1 x lo1' to 5 x 10'' Si+ cm". The introduction 
rate and characteristics of simple defects have been 
investigated by EPR and DLTS whilst the accumulation 
of this damage with increasing dose has been followed 
by RBS, XTEM and optical depth profiling up to the 
onset of amorphisation. It is found that the integrated 
damage increases whilst the critical dose for 
amorphisation decreases with increasing Ge content. 
I. INTRODUCTION 
Silicon-germanium (Si,-,Ge,) alloy layers are 
expected to play an important role in the 
development of advanced Si bipolar and field effect 
devices [ 11. Successful incorporation of the material 
into silicon based VLSI whole processes will involve 
the use of ion implantation as a process step and, 
thus, knowledge about the generation rate of primary 
and secondary damage and damage accumulation 
will be required to facilitate process modelling. 
These aspects are being investigated by the EU 
HCM Network "IBOS". The results reported in this 
paper are from an investigation of the composition 
dependence of the damage rate and damage 
accumulation in relaxed n-type Si,.,Ge, during room 
temperature implantation with 2 MeV Si+ over the 
dose range 10" cm-2 to 4 x IOl5 cm-2. 
11. EXPERIMENTAL DETAILS 
Relaxed, epitaxial n-type Si,-,Ge, alloy layers 
with a Ge content (x) of 0.04, 0.13, 0.24 and 0.36 
were grown by MBE 011 (100)-oriented Si substrates 
in a VG Semicon V80 system at the University of 
Aarhus. A silicon buffer layer of thickness 1 pm 
0-7803-3289-x/97$10.00 01 9971EEE 698. 
was first grown followed by the growth of a 
compositionally graded buffer layer with a starting 
Ge content of about 0.2% and a gradmg rate of 10% 
Ge/pm. The thickness of the top uniform layer was 
3 pm for each alloy and the samples were doped 
n-type with antimony to a concentration of 3 x IO1' 
~ m ' ~ .  The high crystalline quality of Si,-,Ge, 
epitaxial layers grown at Aarhus under conditions 
identical to the above has previously been 
established by structural (RBS/channelling, TEM, 
Schimmel etch-pit test), electrical (DLTS) and 
optical (photoluminescence) methods [2,3]. Each 
Si,-,Ge, epilayer was implanted at the 
CNR-IMETEM Laboratory in Catania at 300 K with 
2 MeV Si' ions; a dose rate of IO9, 10" and 10,' 
s-l was used for implantation in the dose range 
10" to 1015 respectively. 
A 5 MeV He+ beam was used for 
RBS/channeUing measurements performed at the 
Laboratori Nazionali di Legnaro (INFNJ). Damage 
profiles were calculated from the channelling spectra 
using a linear model [4] as described elsewhere [5]. 
Optical reflectivity depth profiling (ORDP) 
measurements were performed at Augsburg using a 
set-up similar to that described by Heidemann [6];  
details of the procedure are given elsewhere [5].  
The EPR measurements were made at Trinity 
College at room temperature using a TM,,, mode 
cavity operating at about 9.9 GHz; 100 kHz field 
modulation was employed. Cross-sectional TEM 
measurements were performed on JEOL 2000-FX 
and 2010-FX electron microscopes. Samples were 
prepared by mechanical thinning followed by ion 
milling using a low current 5 keV Ar' ion beam. In 
order to measure the depth and width of the 
amorphous layers bright-field "zone-axis" images as 
well as "two-beam" 220 images were recorded. 
Dark field images in conjunction with selected area 
diffraction (SAD) patterns were analysed to establish 
the crystalline or amorphous nature of the implanted 
material. 
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Figure 1. Damage fraction as a function of Ge content (x) 
as measured by RBS (dotted line) and ORDP (solid line) 
for an implanted dose of 3 x 1014 Si+ cm.'. 
111. RESULTS AND DISCUSSION 
Figure 1 shows typical damage depth profiles 
in samples implanted with a dose of 3 x 1014 Si+ 
cm-', calculated from experimental RBS and ORDP 
data. In this figure the damage fraction 
(amorphous = 1.0) is shown as a function of Ge 
content (x) determined by RBS (dotted line) and 
ORDP (solid line) methods. Both techniques show 
a similar trend of increasing damage with increasing 
Ge content. From the ORDP data we conclude that 
the dose is insufficient to saturate the implantation 
induced damage (amorphise) even in the case of the 
Si,,,Geo,36 material, which is consistent with E M  
analysis of the same alloy layer (not shown). The 
saturation apparent in the RBS profile appears, at 
first sight, to be in conflict with this result, however 
it has been reported [41 that the RBS yield may 
saturate below the dose for complete amorphisation 
and, also, an overestimation of the defect 
concentration can result from the use of a linear 
dechannelling model [4] to determine the depth 
profile. 
Figure 2 summarises the RBS (closed symbols) 
and ORDP (open symbols) results by showing the 
calculated total number of displaced atoms (cm-') in 
the alloy layers of different composition following 
implantation of doses of 1 x 3 x 1014 and 
1 x 1015 Si+ cm-'. The number of displaced atoms 
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Figure 2. Integral of displaced atoms produced by 2 MeV Si+ 
implanted into Si,.,Ge, as a function of Ge content measured 
by RBS (closed symbols) and ORDP (open symbols) for doses 
of 1 x cm-' (circle), 3 x l O I 4  cm-* (square) and 1 x 10l5 
cm-' (triangle). Values predicted by TRIM 90 (solid lines) 
are labelled a, b and c for the three doses, respectively. 
has been obtained by integration of the damage 
fraction over depth multiplied by the atomic density 
of each alloy layer [SI. The experimental results are 
compared to that predicted by TRIM 90 (Ed = 15 eV 
and E, = 1 eV) where the three doses (solid lines) 
are marked a, b and c, respectively. The measured 
damage increases more rapidly with increasing Ge 
content than that predicted by TRIM and exceeds the 
simulated values for the composition greater than 4 
at. %. This result is in qualitative agreement with 
the work of Atzman et a1 [7] for 100 keV Si+ into 
10 to 20 at. % alloys but contrasts with medium and 
high energy implantations into silicon when damage 
levels are usually overestimated by TRIM [91. 
Figures 3(a), (b) and (c) are bright-field 
micrographs from samples prepared from the 13 
at. % alloy after implantation with 1 x 1014, 7 x 1014 
and 1 x 1015 Si+ cm-', respectively. Also included 
are representative SAD micrographs which have 
been recorded to determine the upper and lower 
boundaries of the amorphous layers. A continuous 
buried amorphous layer of thickness 0.35 pm is 
identified in the sample implanted with a dose of 
1 x 1015 Si+ cm-2 (Figures 3(c) and Cl). Evidence 
for the coexistence of both amorphous (a) and 
crystalline (c) phases is found in the SAD recorded 
above and below this region (Figure C2) where the 
upper a-c transition region is much broader than the 
lower one. 
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Figure 3. Cross-sectional TEM micrographs from a 
Si, &eo 13 alloy implanted with 2 MeV Si' ions to a dose 
of (a) 1 x 1014 c d ,  7 x 1014 cm-* and 1 x 10'' cm". The 
inserts show selected area diffraction pattems. 
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Figure 1. Critical dose (D*) for the formation of a 
buried amorphous layer as a function of Ge content 
estimated by TEM (0) and ORDP (X) methods. 
The critical dose (D") for the formation of a 
buried amorphous layer is shown as a function of the 
Ge content in Figure 4. This critical dose is defined 
as the mid-value between the highest dose at which 
a continuous amorphous layer is not observed and 
the lowest dose at which a buried amorphous layer 
is recorded by XTEM (0) and ORDP (X) methods. 
From the slope of the fitted line the following 
relationship can be deduced: 
where a = 1.5 x 1014 cm-2 and 0.04 5 x 5 0.36. 
The results of EPR analyses are shown in 
Figure 5. The spectra (not shown) [5] include an 
isotopic, nearly symmetric signal which increases in 
intensity, without shape change, with increasing dose 
for doses above a value of about 1013 Si+ cm-2. The 
values shown in Figures S(a) and (b) are very 
similar to those deduced from the EPR spectra from 
a-Si,-,Ge, films of the same composition [9]; the 
latter spectra, which are very similar in shape to the 
EPR spectra of this work, have been attributed to the 
presence of Si and Ge dangling bond (DB) defects 
[9]. The number of defects per unit area, Na, 
associated with the implantation induced EPR signal 
are shown as a function of Ge content in Figure S(c) 
for implantation doses of 1 x 3 x l O I 4  and 
1 x 1015 Si+ cm-2. The trend of increasing damage 
with increasing Ge content is similar to that 
observed by RBS and optical reflectivity depth 
profiling, although the number of defects observed 
by EPR is three orders of magnitude lower than the 
number of displaced atoms estimated from RBS or 
ORDP. Dividing the values of N, by the thicknesses 
of the buried layers (measured by TEM [SI) in the 
Ge content (x) 
Figure 5. (a) and (b) Dependence upon Ge content of the g 
value and line width (AB,) of the EPR signal from Si' 
implanted Si,.,Ge, alloy. (c) Number of spins per unit 
area (N,) as a function of Ge content for doses of 
1 x l O I 4  (circle), 3 x loi4 (square) and 
1 x iot5 Si+ cm-' (triangle). 
700 
case of the Si,,8,Ge,,13, Si Ge,, and S&,,Ge,,36 
alloys implanted with Si' cm-2, we obtain 
values of 4.8 x 1019, 2.9 x 1019 and 2.4 x 1019 cm-3 
for the average volume concentration of defects. 
These values are comparable to those observed in 
the case of a-Si,-,Ge, films and are consistent with 
data from bulk silicon [7]. The above observations 
imply that the EPR signal arises from Si and Ge 
DBs within amorphous-like zones the volume 
density of which increases with increasing dose until 
a continuous amorphous layer is formed. This 
behaviour is quite different from that observed [ 101 
as a result of 2 MeV Sif implantation into silicon 
where there is a change in the spectral shape with 
increasing dose reflecting the transformation of one 
defect type into another as the silicon changes from 
a damaged but crystalline state to an amorphous 
state. 
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Figure 6. Dose dependence of the ORDP damage parameter 
(s) for alloys of composition 4 (unfilled circle), 13 (unfilled 
square), 25 (unfilled triangle) and 36 at. % (filled circle). 
The dose dependence of the implantation 
damage at the profile maximum, determined by 
ORDP, is shown for each alloy in Figure 6. A 
sigmoidal damage curve is observed in each case 
which is similar to that observed in the case of 
2 MeV Si self-implantation [ 111. Good fits (solid 
curves) to the data have been generated with the use 
of a theoretical model, developed by Hecking et a1 
[ 111 for the self-implantation case. In this model the 
implantation induced damage parameter (s) is taken 
as the sum of the relative fractions of point 
defect-type damage (%) and amorphous volumes (sa). 
It is shown elsewhere [5] that by far the most 
significant difference in the model parameters, on 
increasing the Ge content from x = 0.04 to x = 0.13 
and above, is an increase by a factor of two orders 
of magnitude in the parameter which represents the 
primary production of amorphous material. 
IV. CONCLUSION 
We have observed by RBS and ORDP, an 
increase in the integrated damage in 2 MeV Si 
implanted Si,-,Ge, alloys and a decrease in the 
critical dose for the formation of a buried amorphous 
layer, with increasing Ge content. The EPR 
experiments indicate that the dominant defects 
produced by the implantation are Si and Ge dangling 
bonds in close proximity within amorphous-like 
zones and that increasing the ion dose simply 
increases the volume fraction of amorphous material 
present until a continuous amorphous layer is 
formed. In addition, a qualitative study of the 
optically determined damage at profile maximum in 
the alloys suggests that the damage increase with 
increasing Ge content is associated with an increase 
in the primary production of amorphous material. 
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